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This  report  documents  research  to  improve  per¬ 
formance  of  the  CERANODE,  a  ceramic  anode  de¬ 
veloped  by  the  U  S.  Army  Construction  Engineering 
Research  Laboratory  (USA  CERL)  to  provide 
cathodic  protection  of  Civil  Works  structures.  New 
materials  and  design  configurations  for  constructing 
the  CERANODE  were  investigated  to  find  those  that 
would  provide  the  greatest  protection  from  ice  and 
debris  impacts,  have  low  material  costs,  and  provide  a 
long  service  life.  Of  the  plasma-sprayed  coatings  in¬ 
vestigated,  the  undoped  ferrite  (Ee,04)  had  the 
longest  dissolution  rates.  Mixed  metal  oxide  coatings 
such  as  ruthenium  oxide/titanium  dioxide  and 
iridium  oxide/titanium  dioxide  have  dissolution  rates 
of  less  than  0.001  g  per  ampere-year  and  also  show 
significant  advantages  as  coatings  for  anodes.  The  new 
flat  anode  configurations  developed  minimize  ex 
posure  to  damaging  ice  and  debris  impacts  and  are 
currently  being  field  tested 
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This  report  documents  research  to  improve  performance  of  the  CERANODE,  a 
ceramic  anude  developed  by  the  U.S.  Army  Construction  Engineering  Research  Labora¬ 
tory  Il'SA-CERL)  to  provide  cathodic  protection  of  Civil  Works  structures.  New  materi¬ 
als  and  design  configurations  for  constructing  the  CERANODE  were  investigated  to  find 
those  that  would  provide  the  greatest  protection  from  ice  and  debris  impacts,  have  low 
material  costs,  and  provide  a  long  service  life.  Of  the  plasma-sprayed  coatings  investigated, 
the  undoped  ferrite  tle<04)  had  the  longest  dissolution  rates.  Mixed  metal  oxide  coat¬ 
ings  such  as  ruthenium  oxide  titanium  dioxide  and  iridium  oxide/ titanium  dioxide  have 
dissolution  rates  of  less  than  0.001  g  per  ampere-year  and  also  show  significant  advantages 
as  coatings  lor  anodes.  The  new  flat  anode  configurations  developed  minimize  exposure 
to  damaging  ice  and  debris  impacts  and  arc  currently  being  field  tested. 
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FOREWORD 


This  study  was  conducted  for  the  Directorate  of  Civil  Works,  Headquarters,  U.S.  Army 
Corps  of  Engineers  (HQUSACE),  under  CWIS  31204  (Corrosion  Mitigation  in  Civil  Works 
Projects'  The  research  was  conducted  by  the  Engineering  and  Materials  (EM)  Division, 
U.S.  At.  .y  Constru  ;on  Engineering  Research  Laboratory  (USA-CERL).  The  OCE 
Technical  Monitor  was  Mr.  Robert  Kinsell  (DAEN-CWE-E).  Dr.  R.  Qirattrone  js  Chief  of 
USA-CERL-EM. 

COL  Norman  C.  Hintz  is  Commander  and  Director  of  USA-CERL,  and  Dr.  L.  R. 
Shaffer  is  Technical  Director. 


m 


.v  -V •:>.  v\  v  -  •  . 


r  .  .v.  r> >-m 


1^,1 


TABLES 


Number 

1  Anodic  Dissolution  Rates  ot  Plasma  Sprayed  I  errites 
I  Dissolution  Rates  ol  Plasma-Sprayed.  Manganese  Ferrite  Coupons 

3  Locations  of  Impressed  C  urrent  Cathodic  Protection  Systems 
I  mploy  my:  LIDA* 

4  LIDA'  Perloriiujice  Data 

FIGURES 

1  Design  of  I  S.  Army  Construction  Engineering  Research  1  aboratr 
(I'SA-C LRL)  Developed  Ceramic  Anode  (CFRANODF  ) 

2  Schematic  of  LIDA*  Precious  Metal  Anode 

3  Service  Life  of  LIDA®  Precious  Metal  Anode 

4  Potentiodynamic  Scans  of  Titanium  in  Distilled  Water  Solutions 
Containing  3.5  and  0.05  Percent  NaCl 

5  Schematic  of  New  Flat  CERANODE  Design 

6  Flat  Anode  and  Shield  Assembly  for  Lock  Gates 


DEVELOPMENT  OF  NEW  MATERIALS  AND 
DESIGN  CONFIGURATIONS  TO  IMPROVE 
CERAMIC  ANODE  PERFORMANCE 


tor  graphite  ami  silicon-iron  anodes.  1  he  CERANOD!  \ 
small  si/e  also  makes  it  less  susceptible  to  ice  and 
debris  damage,  so  it  is  ideally  suited  for  cathodic  pro¬ 
tection  of  lock  and  dam  structures. 


INTRODUCTION 


Background 

I  he  I  S.  Army  Corps  of  Engineers  is  responsible  for 
maintaining  mans  types  of  metallic  structures  A  com¬ 
monly  used  corrosion  prevention  technique  is  cathodic 
protection  the  application  of  a  small  electric  current 
from  an  external  source  to  the  corroding  structure. 
One  ampere  of  current  will  stop  the  corrosion  of  500 
sq  ft*  of  uncoated  steel.  The  current  is  supplied 
through  the  anode  and  eventually  consumes  it.  The 
anode  is  the  positive  terminal  in  the  cathodic  protec¬ 
tion  circuit .  and  the  structure  is  the  negative  terminal. 

Tor  the  past  JO  years,  two  materials  silicon-iron 
and  graphite  have  beeti  used  as  anodes  for  cathodic 
protection.  However,  these  materials  are  brittle,  can¬ 
not  be  machined  or  welded,  and  have  consumption 
rates  on  the  order  of  pounds  per  ampere-year  (i.e..  if 
1  A  of  current  is  passed  through  the  anode  for  1  year, 

1  lb  of  material  will  be  consumed).  Consequently, 
large  anodes  are  required,  making  the  anode  vulnerable 
to  debris  and  ice  damage  and  also  prone  to  field  instal¬ 
lation  problems. 

The  ceramic  anode  (CERANODE)1 ,  developed  and 
patented  by  the  C.S.  Army  Construction  Engineering 
Research  Laboratory  (USA-CERL).  is  entirely  factory- 
assembled.  The  factory -fabricated,  anode-to-wire  con¬ 
nection  minimizes  field  installation  problems,  such  as 
those  experienced  with  silicon-iron  or  graphite  anodes, 
which  can  lead  to  failure.  In  addition,  elimination  of 
the  field-made  electrical  connection  allows  installation 
ot  the  ceramic  anode  by  nonspeciali/.ed  personnel. 


In  previous  investigations2,  an  electrically  conduc¬ 
ting  ceramic  was  plasma-sprayed  onto  a  titanium  or 
niobium  substrate  (Figure  1*).  Plasma  spraying  provides 
excellent  electrical  and  mechanical  ceramic-to-metal 
interface  properties.  When  the  conducting  ceramic  is 
plasma-sprayed  onto  a  valve  metal  substrate,  it  provides 
a  path  of  electrical  continuity,  allowing  anode  current 
to  pass  easily.  If  the  ceramic  coating  has  intercon¬ 
nected  porosity  or  is  damaged,  the  valve  metal  sub¬ 
strate  will  passivate  (i.e.,  cease  passing  current)  and 
protect  itself  from  further  corrosion  damage.  Metal 
substrates  are  also  easier  to  machine  than  ceramic 
ones,  and  thus  lend  themselves  to  more  efficient 
designs. 

A  disadvantage  of  using  valve  metal  substrates  is 
their  high  cost.  Niobium  costs  up  to  18  times  more 
than  titanium,  while  tantalum  can  cost  30  times  more. 
These  metals  are  also  typically  more  difficult  to 
machine  than  most  standard  engineering  metals.  Thus, 
the  need  to  reduce  substrate  material  and  machining 
costs  is  crucial. 

Objective 

The  objective  of  this  investigation  was  to  improve  the 
performance  and  lower  the  costs  of  the  CERANODE 
through  development  of  inexpensive  and  slowly  con¬ 
sumed  materials  as  well  as  new  design  and  configur¬ 
ations  that  would  further  minimize  exposure  to  ice  and 
debris. 

Approach 

New  materials  were  fabricated  and  their  perform¬ 
ance  evaluated  under  anodic  polarization  in  various 
environments  to  determine  materials  suited  for  impres¬ 
sed  current  anodes.  New  design  configurations  to  lowci 
material  costs,  facilitate  manufacturing,  and  minimize 


The  consumption  rate  of  the  CERANODE  conduc¬ 
ting  material  is  200  times  less  than  that  of  silicon-iron 
or  graphite  anodes  As  a  result,  the  ceramic  anode  is 
much  smaller  than  the  silicon-iron  anode  ( 100  times  by 
weight)  and  can  be  installed  in  areas  prohibitively  small 


’Metric  u'mnMnn  t.ictors  1  sq  1 1  =  l)929m’;  1  Ih  =  .4535 
ke.  I  tt  -  .304K  m 

!  (/  Xee-jn  and  A  kimijr.  Preliminary  Invesligat'o/i  ot 

t 1  C'Mi  irraled  \nudcs  lor  Cathodn  Protection.  Technical 
Report  M  333  A  DA  13344U  it  S  Arno  (  onsiruction  I  ngi- 
neenne  Rcscjrch  Laboratory  [I  SAT  I  RI  |.  1983). 


exposure  to  debris  and  ice  damage  were  developed  and 
evaluated. 

Mode  of  Technology  Transfer 

It  is  recommended  that  the  information  in  this  re¬ 
port  be  used  to  develop  procurement  specifications  lot 


’1  SAT  I  RL  Technical  Report  M-333.  J.  H.  Boy .  M  Qlson. 
V.  Hock,  and  A.  Kumar.  Improved  Ceramic  \ nodes  to'  Cm 
rosion  Protection.  Technical  Report  M-85  02,  Al)  \  1 494'<2 
(l  S.A-C  TRI  .  1984). 

’Figures  arc  located  at  the  end  of  tile-  report  (see  p  13). 


incorporation  in  Corps  of  engineers  Draft  (.iimle 
Specification  2310.  Cathodic  Protection  of  Lock 
Gates. 


IMPROVING  CERANODE 


PERFORMANCE 


Previous  attempts  to  decrease  the  material  cost  of 
the  CERANODE's  solid  metal  substrate  by  multi-layer 
plasma  spraying  investigated  the  electroplating  of 
tantalum  onto  low-cost  substrates.3  Stainless  steel, 
316L.  and  copper,  rather  titan  tantalum  or  other 
valve  metal  substrates,  had  been  chosen  because  of 
their  lower  cost  and  ease  of  machining.  Hemispherical 
substrates  were  machined  for  the  anode  configuration 
shown  in  Figure  1.  The  substrates  were  polarized  in  a 
molten  tantalum  fluoride  salt  solution  maintained  at 
more  than  800°C.  A  0.125-mm  coating  of  tantalum 
was  deposited  ai  a  rate  of  6.35  pm/hour  under  an 
argon  atmosphere.  The  electroplated  substrate  was 
then  plasma-sprayed  with  a  0.5-mm  conducting  lithium 
ferrite  layer. 

The  plasma -sprayed  ferrite  on  tantalum-coated  sub¬ 
strate  was  subjected  to  anodic  polarization  testing  by 
passing  40  mA  of  current  through  the  anodes  in  3.5 
percent  sodium  chloride  solution  for  24  hours.  The 
tests  indicated  that  although  the  anodes  with  just  the 
tantalum  electrodeposited  coatings  passivated,  indica¬ 
ting  good  quality  of  the  valve  metal  coatings,  the 
tantalum  coatings  that  were  subsequently  plasma- 
sprayed  failed.  During  electrochemical  testing,  some 
aspect  of  the  plasma  spray  process  abraded  or  other¬ 
wise  damaged  the  thin  electrodeposited  tantalum  coat¬ 
ing,  exposing  the  underlying  base  metal.  When  the 
base  metal  was  exposed  to  the  electrolyte,  it  corroded 
and  caused  catastrophic  failure  in  the  anode.  Further 
investigation  of  this  system  was  therefore  discontinued. 

In  a  continued  effort  to  improve  the  performance  of 
the  C'ERANODE  and  lower  its  costs,  the  current  re¬ 
search  developed  and  evaluated  several  materials.  The 
materials  were  tested  in  both  fresh  water  and  saltwater. 
In  addition,  new  design  configurations  were  developed 
that  would  minimize  the  anode's  exposure  to  damaging 
impacts 


Materials 

Plasma-Sprayed  Ferrite 

The  original  ceramic  anode  (CFRANODE)  consisted 
of  plasma-sprayed  lithium  ferrite  on  a  niobium  hemi¬ 
spherical  substrate.  To  improve  the  anode’s  properties, 
other  ferrite  compositions  were  investigated.  These 
new  ferrite  coatings  were  plasma-sprayed  on  niobium 
substrates  and  tested  at  various  current  densities  in 
both  fresh  water  and  saltwater  to  determine  their 
anodic  dissolution  characteristics.  Lithium-zinc  ferrite, 
manganese  ferrite,  and  iron  oxide  were  plasma-sprayed 
onto  niobium  coupons.  The  dissolution  rates  were 
determined  by  weight  loss  of  the  test  coupons.  The 
pure  iron  oxide  yielded  the  lowest  anodic  dissolution 
of  3.27  g/ampere-year  in  saltwater  and  9.1  g/ampere- 
year  in  freshwater.  The  lithium-zinc  ferrite  had  dissolu¬ 
tion  rates  of  7.2  g/ampere-year  in  saltwater  and  12  g/ 
ampere-year  in  fresh  water  (Table  1  j.  The  plasma- 
sprayed  manganese  ferrite  yielded  very  high  dissolution 
rates  of  120  g/ampere-year  in  fresh  water  (Table  2).  The 
manganese  ferrite  tested  in  saltwater  had  an  initial  dis¬ 
solution  rate  of  10  g/ampere-year,  which  decreased 
during  the  14-day  test  to  3.5  g/ampere-year;  its  average 
dissolution  rate  in  saltwater  was  8.2  g/ampere-year. 

Lithium-Doped  Nickel  Oxide 

Samples  of  nickel  oxide  doped  with  10  percent 
mole  of  lithium  oxide  were  prepared  using  standard 
ceramic  processing  techniques  and  were  sintered  in 
air  at  1300°C.  The  samples  were  tested  in  an  electro¬ 
chemical  cell  and  proved  to  be  electrically  conducting. 
Although  the  samples  continued  to  pass  current,  there 
was  significant  dissolution  and  flaking  of  the  sample 
into  the  solution.  Therefore,  further  testing  of  this 
system  was  terminated. 

The  same  composition  was  also  plasma-sprayed  onto 
niobium  sheet  and  tested  in  electrochemical  cells  con¬ 
taining  fresh  water  and  saltwater.  The  cells  were  ener¬ 
gized  at  the  end  of  a  working  day  and  by  the  next  morn¬ 
ing,  the  coatings  that  were  in  fresh  water  had  totally 
dissolved,  and  no  current  was  (lowing  in  the  circuit. 
Thus,  nickel  oxide  doped  with  lithium  was  found  to  be 
unsuitable  for  anodic  applications.  Because  of  the  poor 
performance  in  fresh  water,  saltwater  tests  were 
discontinued. 

Mixed  Metal  Oxide  Coatings 

Metal  oxides  such  as  ruthenium  and  iridium  oxides 
(KuO,  and  lr(), )  are  known  to  exhibit  metallic  elec¬ 
trical  conductivity  met  a  wide  lange  of  temperatuies4  . 


'J  H  Boy. M  Olson,  \  Hock,  and  A  Kumjr. 


4 .1  B  ( loodenough.  ''Metallic  Oxides. "  /'mines, v  in  S<ilul 
Sian  Vol  5,  edited  hv  Ij  Riess  iPvreamon  Press. 

147  1),  p  363. 
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Wear  Rate  For  The 

Wear  Rate  For  The 

Wear  Rate  For  The 

Wear  Rate  For  The 

Next  3  Days** 

Next  5  Days 

Next  6  Days 

Entire  14.146  Days 

Average 

79.98  g/A-yr 

136.51  g/A-yr 

43.70  g/A-yr 

123.15  g/A-yr 

74.01  g/'A-yt 

125.80  g/A-yr 

58.85  g/A-yr 

119.53  g/A-yr 

1  20.01  g/A-yr 

78.27  e.  A-yr 

123.61  g/A-yr 

54.94  g/A-yr 

117.34  g/A-yr 

11.56  g/A-yr 

5 .78  g/A-yr 

3.61  g/A-yr 

8.45  g/A-yr 

1 1 .36  g/ A-yr 

6.27  g/A-yr 

3.12  g/A-yr 

8.33  g/A-yr 

8.22  g/A-yr 

9.63  g/A-yr 

5.78  g/A-yr 

3.61  g/A-yr 

7.88  g/A-yr 

systems  The  L  ID  A  .mode  consists  of  a  titanium  sub¬ 
strate  with  a  precious  metal  oxide  coating  t future  dl 
The  anodic  dissolution  of  the  LIDA  anode  has  been 
less  than  O.UOI  g  ampere-hour  in  industrial  applications 
(Figure  3  I  The  hardness  ot  precious  metal  oxide  coat¬ 
ings  is  about  6  on  the  Mob's  hardness  scale,  lhtis.  the 
LIDA  '  anodes  are  tar  more  resistant  to  abrasion  than 
platinum-clad  anodes.  This  is  particularly  important 
tor  cathodic  protection  applications  where  the  anodes 
are  exposed  to  impact  or  abrasion.  The  LIDA®  anodes 
are  available  in  a  variety  of  geometries,  including 
tubular  and  mesh-expanded  configurations.  These 
anodes  have  been  demonstrated  in  cathodic  protec¬ 
tion  systems  in  seawater  and  saline-mud  applications 
(Tables  3  and  4).  However,  fiat  disk  or  button  config¬ 
urations  that  would  be  most  suitable  for  water  applica¬ 
tions  are  not  available. 

Unfortunately,  the  working  potentials  that  may  be 
applied  to  LIDA®  anodes  are  limited  by  the  titanium 
substrate.  Studies7  have  shown  that  the  LIDA®  sub¬ 
strate  material  (titanium)  is  susceptible  to  pitting 
when  polarized  to  10  V.  Figure  4  shows  a  potentio- 
dynamic  scan  of  a  bare  titanium  substrate.  The  pro¬ 
tective  oxide  coating  formed  on  the  titanium  breaks 
down  when  more  than  10  V  arc  applied.  Therefore,  if 
there  are  major  bare  areas  in  the  coating,  or  if  the 
coating  is  subsequently  abraded  or  otherwise  damaged 
during  use,  and  the  anode  is  then  polarized  with  more 
than  10  V,  the  exposed  titanium  metal  surface  will  pit. 
Pitting  could  lead  to  failure  of  the  anode  and  cata¬ 
strophic  failure  of  the  cathodic  protection  system. 
However,  the  LIDA ®  anode's  manufacturer  claims 
that  small  scratches  and  minor  defects  will  not  cause 
the  electrical  field  distribution  at  the  defect  to  be 
much  different  from  that  at  the  coated  surface.  Tlte 
voltage  drop  across  the  interface  will  remain  below 
the  breakdown  voltage  of  titanium. 

To  avoid  possible  failure  of  the  precious-metal- 
coated  anodes  due  to  pitting  of  the  titanium  substrate, 
CSA-CFRL  is  investigating  the  use  of  other  materials  as 
substrates  for  precious-metal,  oxide-coated  anodes. 
Niobium  and  tantalum  can  withstand  much  higher 
polarization  (>100  V')  before  pitting  begins.  However, 
these  materials  are  susceptible  to  rapid  oxidation  dur¬ 
ing  the  thermal  treatments  required  to  convert  the 
metal  chloride  solutions  to  oxide  (i.e  .  the  substrate  is 
heated  to  400 C  to  5U0°C  in  an  oxidizing  atmosphere 


//n  l.lli  \  lt\  Impact  an  Ctithihin  /Von  ,  turn 

LIDA  Imprest,- I  Current  S\sl<  tn\  Si  iniiuir  \fatnuil  iO  ik-i.iI 
(  .Itho.lh  1’!" Its  1 1" il  Services,  lilt  1 


to  conveit  the  salt  solution  diiCstly  to  the  oxide )  \; 
this  tune,  the  painting  and  tiling  po^css  ^.uiii"!  1  .. 
applied  to  niobium  stibstiates  due  to  substrate  .  .xiu.i- 
tion  Rescaich  is  being  conducted  to  tnni  a  wav  to 
minimize  substrate  oxidation  In  continuing  the  ainuo- 
pherc  during  the  theimal  treatment  ot  the  precious 
metal  oxide  coatings. 

Design  Configurations 

Damage  from  ice  and  debus  is  a  major  cause  ot 
cathodic  protection  anode  failure  in  water  pioiects. 
To  solve  this  problem,  APS  Mateiials.  Inc  ,  which  has 
been  licensed  to  manufacture  the  C'LRANODL,  is 
working  closely  with  L  SA-CLRL  on  several  new  anode 
configurations  that  would  minimize  ice  and  debris 
damage  as  well  as  machining  costs. 

A  fiat  anode  has  been  developed  which  consists  o! 
a  niobium  plate  with  a  plasma-sprayed  ferrite  or  mixed 
metal  oxide  coating.  Two  types  of  flat  anodes  were 
developed  for  fresh  water  and  saltwater  applications. 
The  ruthenium  oxide/ titanium  dioxide  coating,  which 
reacts  well  with  sodium,  was  chosen  for  saltwater 
applications.  The  iridium  oxide/titanium  dioxide  coat¬ 
ing  was  applied  to  a  titanium  substrate  to  yield  an 
anode  suitable  for  use  in  fresh  water.  Figure  5  shows 
the  design  for  the  mixed-metal  oxide  coating,  titanium 
substrate  anode.  The  fiat  substrate  reduces  the  anode's 
material  costs  and  requires  less  machining  which  allows 
it  to  be  manufactured  more  easily  and  lowers  its  total 
costs. 

To  further  reduce  the  damaging  effects  of  impacts. 
USA-CERL  and  APS  Materials.  Inc.  jointly  designed 
and  developed  a  protective  shield  for  the  fiat  anode. 
The  ceramic  anode  rests  in  the  polyurethane  plastic 
(Figure  6a  and  6b).  While  the  shield  leaves  the  coated 
anode  face  exposed,  it  protects  the  perimeter  and  the 
uncoated  back  of  the  anode  from  collisions. 

Both  the  round  and  fiat  ceramic  anodes  can  be  used 
to  protect  many  different  types  of  metallic  structures 
trom  corrosion.  New  configurations  are  being  develop¬ 
ed  and  tested.  Ceramic  anodes  have  been  incorporated 
into  the  design  of  cathodic  protection  systems  that 
have  been  field-tested  on  water  storage  tanks,  undei- 
gtound  pipes,  and  lock  gates.  I  hey  can  also  be  in¬ 
corporated  into  cathodic  protection  systems  loi 
other  structures. 

New  fabrication  techniques,  such  as  ion  plating,  are 
also  being  developed  to  yield  a  perpetual  anode  coat¬ 
ing.  such  as  niobium-doped  titanium  oxide  oi  othei 
mixed  metal  oxides.  Such  techniques  should  y  ield  a 
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Figure  2.  Schematic  of  LIDA®  precious  metal  anode 
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Figure  4.  Potentiodynamic  scans  of  titanium  in  distilled  water  solutions  containing  3.5  and  0.05  percent  NaCl 
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Figure  5.  Schematic  of  new  flat  ChRANODt  design. 
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